During bubble collapse, intense shock waves are generated and propagate through the liquid at velocities above the speed of sound. [1] [2] [3] [4] Unusual sonochemical effects are induced by these shock waves, most importantly, high velocity collisions among solid particles suspended in such liquids. 4 These collisions result in extreme heating at the point of impact, which can lead to effective local melting and dramatic increases in the rates of many solid-liquid reactions. [5] [6] [7] [8] In this work, we describe a quantitative model of the melting induced by high-speed interparticle collisions and test this kinematic model against the effects of varying initial particle size and slurry concentration on the morphology of zinc particle agglomerates.
Ultrasonic irradiation of liquids produces transient cavitation: the formation, growth, and implosive collapse of bubbles. 1 During bubble collapse, intense shock waves are generated and propagate through the liquid at velocities above the speed of sound. [1] [2] [3] [4] Unusual sonochemical effects are induced by these shock waves, most importantly, high velocity collisions among solid particles suspended in such liquids. 4 These collisions result in extreme heating at the point of impact, which can lead to effective local melting and dramatic increases in the rates of many solid-liquid reactions. [5] [6] [7] [8] In this work, we describe a quantitative model of the melting induced by high-speed interparticle collisions and test this kinematic model against the effects of varying initial particle size and slurry concentration on the morphology of zinc particle agglomerates.
Sonication 9 of a decane slurry containing 2% w/w fine Zn powder (5 µm diameter) rapidly produces Zn agglomerates (cf. scanning electron micrographs in Figure 1 and Supporting Information). As sonication proceeds, agglomeration reaches its maximum effect after ∼90 min. The resulting 50-70 µm agglomerates have nearly round shapes ( Figure 1B) . Sonication of 5 µm Zn powder as a slurry in alkanes, for example, produces dense agglomerates consisting of ∼1000 fused particles.
Because of turbulent flow and shock waves generated by cavitation in liquids irradiated with ultrasound, metal particles are driven together at extremely high speeds, which induces effective melting at the point of impact. 4 The estimated velocity of colliding particles approaches half the speed of sound in the liquid. 4 The low melting point of Zn (419.6°C) 10 obviously contributes to the facile agglomeration process. One would expect to alter the velocity of interparticle collisions by varying the concentration of impinging particles. This should influence the temperature at the site of impact, resulting in agglomeration with diminished efficacy at sufficient slurry density. To verify this effect, the slurry loading was systematically increased. Loadings up to 50% w/w showed no significant effect, but further increases to 70% w/w resulted in considerably less pronounced agglomeration ( Figure 1C and Supporting Information).
The particle size has a very strong effect on the outcome of the ultrasonic irradiation. From previous observations, 8 we know qualitatively that agglomeration does not occur for particles either too large (∼100 µm) or too small (∼100 nm). For example, no aggregation was observed for coarse Zn powder (Figure 2 ), although particle deformation does occur (Supporting Information). Interestingly, by mixing the fine and coarse Zn powders and sonicating them together as a slurry at high loading, a porous aggregated product is formed ( Figure 2B ). The large particles are literally welded together by collision with the smaller particles.
To model the interparticle collisions, some simplifying approximations will be made: (1) the collisions are perfectly inelastic (i.e., all kinetic energy ends as thermal energy within the particle colliding) and (2) complete melting of a particle occurs in order to form the observed dense agglomerates. To estimate the critical speed required to melt a particle upon a direct impact, then, the kinetic energy is equal to the thermal energy required to heat the particle to its melting temperature plus the heat of fusion. From this, we obtain the critical (i.e., minimum) velocity required to melt the particle:
where m is mass (kg), C specific heat (388 J/(kg K) for Zn), L heat of fusion (1.13 × 10 5 J/kg for Zn), T m melting temperature (692.7 K for Zn), and T b bath temperature (300 K). Note that the critical velocity does not depend on the particle mass.
The actual speed a particle reaches during sonication, however, depends strongly on the particle size. Let us consider a spherical particle of a radius R. Suppose that the propagating shock wave exerts an average pressure P as it passes over particles in near proximity to the collapsed bubble. This pressure exerts a force † University of Illinois at UrbanasChampaign. ‡ University of South Carolina. 
proportional to the particle's cross-section area, F ) πPR 2 . A particle's mass is simply m ) 4πR 3 F/3, where F is the density of the particle (for Zn, 7.14 × 10 3 kg/m 3 ). Taking into account viscous drag, F d ) 6πηRV in a laminar flow regime and
Re in the turbulent flow regime (where η is the viscosity coefficient, F L the liquid density, and Re ) Reynolds number ) 3000 is the critical value for onset of turbulence). 11 We can solve the simple Newtonian equation, ma ) πR 2 P -F d to obtain eq 2 for the laminar regime.
Here ∆t is the duration of the shock wave acceleration or collision time. The equation with F d for turbulent flow gives numerically similar results in the velocity regime of interest.
To roughly estimate ∆t, we take the mean free path λ of the interparticle collisions divided by the speed of sound in the liquid (V l ). The mean free path in our experiment is the average interparticle distance and it decreases with increasing R. From the electron micrographs we estimate λ ≈ 10/R [µm]. Therefore, ∆t ≈ λ/V l ) 10 × 10 -6 /1100/R ) 1 × 10 -8 /R [m] s. Taking the shock wave pressure to be 1 MPa (as measured for laser-induced cavitation 3 ) and average viscosity η ) 5 × 10 -4 Pa s, we obtain for zinc particles colliding in decane the following equation: Equation 3 is plotted in Figure 3 . Solving for the critical velocity (728.5 m/s), we calculate that particle melting upon interparticle collisions is expected over the radius range of 2.2 e R e 38 µm. Equation 3 describes our current and prior observations surprisingly well: agglomeration of metal particles occurs only over a fairly narrow range of radius in the regime of a few microns. Neither particles too large nor too small will be accelerated to a sufficient velocity to induce local melting and consequent agglomeration. Consistent with this, as we have demonstrated here, particles too large to agglomerate by themselves can still be welded together by the addition of proper sized particles, leading to large mixed agglomerates.
In conclusion, the effects of cavitation in this phenomenon of interparticle collisions come from the shock waves released into the liquid and not from the temperature of the localized hot-spot formed within the collapsing bubble. While heating within a collapsing bubble is strongly affected by the vapor pressure of the solvent within the bubble, 12,13 the departing shock wave is not. We also note that volatility of the liquid in the slurry has at best a modest effect on the nature of the interparticle collisions: for example, decane and heptane give very similar results. In addition, over a fairly wide range (∼2 to ∼50% w/w), slurry concentration has only limited effects on the interparticle collisions. Importantly, the initial size of the solid particles is critical in affecting interparticle collisions: with Zn as an example, particles smaller than a few micrometers or larger than a few tens of micrometers will not collide with sufficient energy to agglomerate. Figure 3 . Calculated velocity as a function of Zn powder radius from eq 3. The critical velocity necessary for collisional agglomeration determines the particle size range over which agglomeration will occur.
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